Passive seismic low-frequency ͑from approximately 1-6 Hz͒ data have been acquired at several locations around the world. Spectra calculated from these data, acquired over fields with known hydrocarbon accumulations, show common spectral anomalies. Verification of whether these anomalies are common to only a few, many, or all hydrocarbon reservoirs can be provided only if more and detailed results are reported. An extensive survey was carried out above a tight gas reservoir and an adjacent exploration area in Mexico. Data from several hundred stations with three-component broadband seismometers distributed over approximately 200 km 2 were used for the analysis. Several hydrocarbon reservoir-related microtremor attributes were calculated, and mapped attributes were compared with known gas intervals, with good agreement. Wells drilled after the survey confirm a predicted high hydrocarbon potential in the exploration area. A preliminary model was developed to explain the source mechanism of those microtremors. Poroelastic effects caused by wave-induced fluid flow and oscillations of different fluid phases are significant processes in the low-frequency range that can modify the omnipresent seismic background spectrum. These processes only occur in partially saturated rocks. We assume that hydrocarbon reservoirs are partially saturated, whereas the surrounding rocks are fully saturated. Our real data observations are consistent with this conceptual model.
INTRODUCTION
A growing number of surveys over different oil and gas fields throughout the world have established the presence of spectral anomalies in the passive seismic wavefield, i.e., microtremors, with a high degree of correlation to the location of hydrocarbon reservoirs ͑Dangel et al., 2003; Holzner et al., 2005; Akrawi and Bloch, 2006; Birialtsev et al., 2006; Rached, 2006; Suntsov et al., 2006; Graf et al., 2007; Lambert et al., 2008; van Mastrigt and Al-Dulaijan, 2008͒ . These microtremors can be used as a reservoir indicator for optimizing well placement during exploration, appraisal, and development. In contrast to conventional seismic technologies, the investigation of hydrocarbon reservoir-related microtremors is generally passive and does not require artificial seismic excitation sources.
The ever-present seismic background noise of the earth ͑e.g., Berger et al., 2004͒ most likely acts as the driving force for hydrocarbon-indicating signals. Some possible underlying rock-physics mechanisms that generate spectral anomalies are discussed in Graf et al. ͑2007͒ and are considered in this paper. The main observation ͑e.g., Dangel et al., 2003; van Mastrigt and Al-Dulaijan, 2008͒ is an energy anomaly in the low-frequency band of passive seismic data between approximately 1 and 6 Hz. When measured at the surface, spectral energy is elevated above a hydrocarbon reservoir, compared with spectral energy measured at positions away from a reservoir. It is important, theoretically, that the generating mechanism and the observed anomaly may be present in a wider-frequency range. However, between 1 and 6 Hz there is a typical noise trough in the back-ground spectrum ͑Peterson, 1993; Berger et al., 2004͒ , which might be the only frequency window where hydrocarbon-related effects are visible.
In addition to the energy anomaly, Lambert et al. ͑2007͒ describe another independent spectral attribute. They find that the spectral ratio between horizontal and vertical components can show an anomaly in the presence of hydrocarbons. Because of the well-known presence of surface waves, locating the source of these anomalies is of primary importance. Steiner et al. ͑2008͒ show results that indicate the reservoir zone is the origin of low-frequency microtremors. By using a time-reverse wave-propagation method, they suggest to locate the corresponding source of the anomaly in depth. All of these characteristics make it possible to distinguish the hydrocarbon reservoir-related indicators from well-known site effects ͑Bard, 1999; Fäh et al., 2001͒ and volcanic tremors ͑Schick, 1988͒ in passive seismic data sets.
The analysis of low-frequency microtremors for detecting hydrocarbon reservoirs is an emerging technology with ongoing research especially focusing on data-analysis techniques. Ambiguous results and possible pitfalls also are reported ͑Ali et al., Berteussen et al., 2008; Hanssen and Bussat, 2008͒ . Analyzing microtremors around reservoirs with considerable noise ͑e.g., production noise͒ requires careful data analysis because ͑a͒ anomalies caused by noise can be misinterpreted as caused by the reservoir or ͑b͒ such a highnoise environment can overwhelm the signal. The question of whether spectral anomalies in the passive surface wavefield are correlated to all, many, or only a few hydrocarbon reservoirs can only be answered if more and detailed results of passive seismic surveys are reported.
We describe results of a passive low-frequency survey carried out over a tight gas reservoir and an adjacent exploration area in Mexico. We briefly describe the acquisition and main processing steps followed to map the spectral energy anomaly. Next, we analyze the data recorded at two locations above and away from the reservoir as examples of the anomaly behavior in this data set. We extract several key attributes to characterize the modifications of the passive seismic wavefield caused by the presence of hydrocarbons. The distribution of these attributes with spatial location is compared with the observed energy anomaly for the whole survey. The goal of this characterization is twofold: to improve the processing and interpretation for future surveys and to verify or refute theoretical explanations of the origin of hydrocarbon reservoir-related microtremors. A preliminary rock-physics model is discussed in a separate section.
THE SURVEY

Location and geology
The survey area lies in the Burgos basin in northeastern Mexico. The origin of this basin is associated with the opening of the Gulf of Mexico during the Jurassic period, beginning sedimentation in the Callovian with evaporitic deposits. The sedimentation conditions changed in the Cenozoic when a great regression occurred. A sedimentary sequence of at least 8000 m was accumulated. This sequence has strong gas potential, represented by rocks with type III kerogen. The complex fault system in the survey area comprises horst and graben structures and is part of a larger-scale half-graben system. The main structural features are the four major listric faults that divide the survey area into four zones ͑see Figure 1͒ :
• Zone 1: Graben and production area.
• Zone 2: Horst -the main producing structure that has been exploited for more than 25 years. The average reservoir is at about 2000 m in depth. These known gas accumulations provide a test location to corroborate the correlation of low-frequency anomalies with the presence of hydrocarbons.
• Zone 3: Graben -where the deepest block of the area lies. However, a small-scale horst structure is present in the middle of the graben with producing wells. • Zone 4: Horst -an interesting prospect for further exploration.
Some wells were drilled on the uppermost parts of the horst structure and some 2D seismic information was acquired, but much of the zone remains unexplored.
A secondary fault trend compartmentalizes the whole system into smaller blocks of varying size, volume, depth, and reservoir thickness. This is particularly the case in zones 1 and 2 ͑see Figure 1͒ . The reservoir system ͑Paleocene Wilcox͒ consists of four main producing intervals; the top deltaic sequence is the best producer, followed by three other sandstone layers. The net sand thickness varies between 120 and 30 m, caused by block-nose erosion on the shallowest compartments, faulting of some blocks, and lateral thickness variations of the sediments.
Above the Play-Lobo unconformity that seals the reservoir zone, the Eocene sequence is regular and homogeneous ͑rather constant in seismic velocity͒, with synsedimentary fan-shaped thickening. The late Eocene layers outcrop almost everywhere. The surface soil layers show parallel trends along the main fault direction corresponding to variations in the composition, forming alternating regosol/xerosol stripes of approximately 1 km wide, especially in zone 4 of the survey. They consist mostly of reddish lutites and shales from the MidLate Cenozoic. No detailed information is available on the soil thickness variations, but it appears homogeneous from the surface in this semiarid environment.
Acquisition and grid layout
Using 20 ultrasensitive portable three-component ͑3-C͒ broadband seismometers ͑frequency range, 0.03-50 Hz; sampling rate, Main geologic structures at reservoir depth and drainage radii around producing wells. Zones 1 and 3 are grabens, zones 2 and 4 are horsts. Zone 2 is well developed and contains most of the proven recoverable reserves of dry gas. Production started 25 years ago in the top right of zone 2. It continues today and generally has moved toward station 70139. The small stars indicate the measurement points for the survey. Stations 70139 and 70575 are circled in red. 100 Hz; sensitivity, 1500 V/m/s͒, we acquired more than 700 measurements of the omnipresent seismic wavefield at the surface over approximately 200 km 2 . Two grid layouts were acquired consecutively over a 3-month period. Both used 1000-m node spacing, but the second grid was staggered offset with respect to the middle of the first, reducing the average spacing between nodes to 700 m. Some gaps in the grid are caused by access issues with landowners.
Four permanent reference stations were installed for the duration of the survey. However, because of health and safety restrictions, all other measurements were recorded during the daytime ͑i.e., from 9:00 to 19:00͒. After each measurement, with a minimum duration around 3 hours, the raw 3-C sensor data ͑measuring surface particle velocities͒ were stored with an individual station number.
An important step during the survey was quality control, which was performed directly in the field. Bad measurements caused by hardware problems or an artificially high noise level were identified promptly. In this case, the location was remeasured.Additionally, we systematically remeasured some data points as a repeatability test to determine the variability of the passive seismic wavefield with time.
Noise identification
The raw data may include strong perturbations ͑noise, artifacts͒ and discontinuities ͑data gaps͒. To obtain a clean signal in the time domain, we cut out all time intervals with obvious strong artificial interferences. This is an important step in the workflow. However, it is the first interpretive, nonautomatic routine in the data processing. Figure 2 shows a typical example. All well-known, transient noise signatures ͑e.g., vehicle noise͒ are removed from the data. From the cleaned data ͑green͒, we calculate the power spectral density ͑PSD͒. A standard procedure is applied to determine the PSD for 40-s intervals and then to calculate the arithmetic average for the whole measurement. For this survey, records of at least 2 hours led to a stable and reproducible result in the frequency domain. Measurements with less than 90 minutes of clean data ͑i.e., with less than 135 intervals of 40 s͒ were not used for further analysis. Figure 3 shows spectra of the vertical component, and the corresponding standard deviation, for two different measured stations, marked in Figure 1 .
RESERVOIR-RELATED SPECTRAL ATTRIBUTES
A primary goal of the data processing is to identify and map lowfrequency energy anomalies in the expected total bandwidth of hydrocarbon reservoir-related microtremors ͑i.e., approximately 1-6 Hz͒. Dangel et al. ͑2003͒ suggest this could be accomplished by determining an attribute related to the strength of spectral peaks.
PSD-IZ
In contrast with Dangel et al. ͑2003͒, we recommend an integration technique along a linear frequency scale that considers a single component of the signal. Figure 3 illustrates the calculation using the vertical ͑z-͒ component, but the anomaly itself can be observed on other components as well. Noise-floor variations are taken into account by determining the individual minimum amplitude of each spectrum between 1 and 1.7 Hz. For this survey, we typically observe a minimum in this range; for other surveys, one may slightly change these values. Figure 2 . Time series of vertical particle velocity ͑raw sensor data with DC shift͒ of seismic motion measured at 100-Hz sampling rate from station 70139. Time intervals that do not contain large disturbances are selected ͑green͒ from the original recorded time series ͑blue͒ and used for further processing. The decision on which clean intervals are chosen is based on several quality control procedures. The high amplitudes at the very beginning and the very end are caused by the crew switching the sensor on and off. The long-time trend ‫51.0מ͑‬ to ‫͒70.0מ‬ is the technical drift of the instrument and has no influence on our applied analysis. Figure 3. Spectrum ͑solid line͒ of the passive seismic wavefield ͑ver-tical surface velocities͒ from 0.5 to 7.4 Hz frequency. The dashed line displays the standard deviation of the mean spectrum. ͑a͒ Station 70139 was recorded over a known gas field; ͑b͒ station 70575 is over an area with no hydrocarbon potential. The shaded surface is always calculated using a linear frequency scale and illustrates the PSD-IZ value. The amplitudes for both stations can be compared directly; no scaling factor is applied.
The integral above this minimum amplitude level defines the PSD-IZ value, where IZ stands for the integral of the z-component. It takes into account the whole energy anomaly above a well-defined background level ͑i.e., the minimum between 1 and 1.7 Hz͒ and is not restricted to peak strength at specific frequencies. Therefore, ambiguous high-amplitude peaks, which may be caused by human activity at the surface ͑e.g., the narrow-band peaks at 2.5 or 3 Hz in Figure 3͒ , do not contribute significantly to the PSD-IZ value.
For this survey, we calculate the integral up to 3.7 Hz because of obvious artificial monochromatic noise identified above this frequency for stations not shown here. The attribute defined in this manner for the PSD of station 70575 ͑Figure 3͒ is effectively zero. The procedure is applied to the passive seismic data of each measurement point. As an output, we generate an energy anomaly map based on this specific integral attribute.
In Figure 4 , we show such a map and classify four different anomaly levels to characterize their spatial distribution. The strongest PSD-IZ values are well aligned with the zone where most of the gasproducing wells are concentrated ͑zone 2, marked in Figure 1͒ . However, the main trend of high PSD-IZ values crosses perpendicular to the horst-and-graben trend and picks up the proven reserves in zones 1 and 3 as well. Moreover, there is no acquisition footprint visible in the map, although the measurements are performed on two staggered grids with a time difference of six weeks ͑see Acquisition and Grid Layout͒.
Vertical/horizontal signal
The PSD-IZ value is one attribute to characterize spectral anomalies above hydrocarbon reservoirs. Another signature can be extracted by analyzing spectral ratios. They are more stable in time than absolute spectra ͑Bard, 1999͒. This spectral ratio attribute is developed from an investigation that found there can be a trough rather than a peak in the horizontal/vertical ͑H/V͒ ratio within the frequency range that Dangel et al. ͑2003͒ considers for the hydrocarbon reservoir-related spectral anomaly. Therefore, we develop an attribute using the vertical/horizontal ͑V/H͒ ratio in contrast to the well-known H/V ratio method used by others to identify soil layers with passive seismic data sets ͑e.g., Fäh et al., 2001͒. Lambert et al. ͑2007͒ suggest that V/H anomalies might correlate with the reservoir.
As shown in Figure 5 , we observe a V/H peak ͑i.e., values significantly above one͒ in the frequency band between 1 and 6 Hz for a station placed above hydrocarbons. To map this attribute for all measurement locations, we calculate the surface area under the ratio of power spectral densities that are above one and between 1 and 6 Hz ͑see Figure 5͒ . As for the energy anomaly, we observe relatively large anomaly patches throughout the known reservoir area in zone 2. As the V/H spectral ratio normalizes the vertical to the horizontal components, this attribute is independent of the PSD-IZ attribute. If the general noise level is low, weak seismic signals associated with a low energy anomaly can induce a significant V/H signal value. Therefore, the V/H signal values shown in Figure 6 must be interpreted in conjunction with the PSD-IZ map ͑Figure 4͒. More details on how we calculate the spectral ratio are summarized from Lambert et al. ͑2006͒ in Appendix A.
Surface layers can induce a peak and a trough in the H/V spectrum of the passive seismic wavefield ͑Konno and Ohmachi, 1998͒. A peak in the V/H spectrum caused by surface layers can mask our V/H signal attribute. The trough, which appears as a peak in the V/H spectrum, can induce misleading high values of the V/H signal attribute. The specific frequency in which this effect occurs depends on the geometry and the seismic properties of the surface layers. The trough frequency is approximately double the peak frequency f H/V in the H/V spectrum ͑Konno and Ohmachi, 1998͒, which is given by the quarter-wavelength rule ͑e.g., Pujol, 2003͒: 
where V S is the S-wave velocity and H is the thickness of the surface layer.
Frequency shift of maximum spectral peaks
Dangel et al. ͑2003͒ observe that spectra above hydrocarbon reservoirs usually contain spectral peaks within a narrow-frequency band of 1.5-4 Hz, characteristic of the oil-and gas-bearing locations in the field. In this survey, spectral peaks are indeed present on several spectra of the acquired data, as shown for station 70139 in Figure 3 ͑e.g., at 2.5, 3, 4, and 5 Hz͒. However, the number of the peaks and their relative/absolute amplitudes fluctuate a lot with time and location, making it difficult to generate a consistent map based on their average amplitudes, as suggested by Dangel et al. ͑2003͒ . Instead of analyzing the amplitudes, this method focuses on determining the frequency value corresponding to the maximum spectral peak for each measurement point within a certain frequency window on the spectrum. The approach provides information about the anomalies. This is the frequency of the most significant peak within the frequency band of interest. Figure 7 shows the distribution of the frequencies corresponding to maximum spectral peaks between 1.5 and 3.7 Hz. Red indicates the areas with maximum spectral peaks appearing above 2.4 Hz. These areas match well with known hydrocarbon-bearing areas in zone 2. A possible explanation of this frequency-shift observation and its relation to hydrocarbon reservoirs is discussed by Lambert et al. ͑2008͒ . It is based on the assumption that reservoirs emit seismic waves at low frequencies, induced by a directed force.
The technique also can be used to identify locations of artificial noise sources. For example, in this survey, a peak at 5 Hz frequently appears on the spectra. This feature is monochromatic and stable over time, which leads us to conclude it is a man-made component of the wavefield with no relation to the subsurface. As such, this strong feature must be avoided.
Polarization
Principal-components analysis ͑PCA͒ of particle motion as a function of time is described by Jurkevics ͑1988͒ as polarization analysis. Figure 8 illustrates the four polarization attributes of this approach. The first step in our procedure is to band-pass filter the already cleaned 3-C data in the time domain. We apply a zero-phase filter that passes the frequencies from 1 to 3.7 Hz. Considering any time interval of 3-C data u x , u y , and u z containing N time samples, auto-and crossvariances can be obtained with 
͑3͒
is real and symmetric and represents a polarization ellipsoid with best fit to the data.
The principal axis of this ellipsoid can be obtained by solving C for its eigenvalues 1 , 2 , 3 and eigenvectors p 1 , p 2 , p 3 :
where I is the identity matrix. The solid red vector in Figure 8 illustrates the largest eigenvector. Figure 7 . Survey map of the frequency of the maximum peak within a window from 1.5 Hz ͑blue͒ to 3.7 Hz ͑red͒. A standard kriging algorithm is applied. The displayed signature is independent of the PSD-IZ and V/H attributes mapped in Figure 4 and Figure 6 , respectively. There are, among others, two areas with a relatively high-frequency signature: One is in the producing part of the survey ͑solid ellipse͒, and the other is in a chosen exploration zone ͑dashed circle͒.
Spectral anomalies above reservoirs O33
The rectilinearity parameter L, sometimes called linearity, relates the magnitudes of the intermediate and smallest eigenvalue to the largest eigenvalue:
͑5͒
It measures the degree of how the linear incoming wavefield is polarized. It yields values between zero and one ͑random ball and needle, respectively; see Figure 8͒ . Two angles, dip and azimuth, describe the orientation of the largest eigenvector, p 1 ‫ס‬ ͑p 1 ͑x͒,p 1 ͑y͒,p 1 ͑z͒͒. The dip is calculated with
It is zero for a horizontal polarization and is defined positive for the positive z-direction. The azimuth is specified as
and is measured counterclockwise from the positive x-axis. In addition, we consider the strength variations of the signal by analyzing the largest eigenvalue 1 .
Figures 9 and 10 plot dip , azimuth , largest eigenvalue 1 , and rectilinearity L as a function of time ͑by analyzing 40-s time intervals͒ for microtremor data of stations 70139 and 70575. The stations are located in an area with high and low hydrocarbon potential, respectively. It is clear that we have, on the surface, a complicated mixture of different wave types with different origins. However, we have identified stable trends in the survey area regarding the polarization attributes in the frequency range between 1 and 3.7 Hz. We summarize our observations in Table 1 .
This polarization analysis is useful for a detailed analysis of the passive seismic wavefield. It provides information about the time variability of the microtremor phenomena related to hydrocarbon reservoirs. For example, the time variation of the largest eigenvalue 1 and the azimuth seen in Figure 9 seems typical for stations above a reservoir, whereas a relatively low largest eigenvalue and a relatively stable azimuth are more typical for an anthropogenic noise source. Furthermore, the polarization analysis may be applied to locate the source area of the microtremors in depth by applying a migration approach. Such a technique is used by Rentsch et al. ͑2007͒ to locate microseismic events by analyzing P-wave arrivals.
CORRELATION OF ATTRIBUTES WITH RESERVOIR LOCATION
Theoretically, it is possible to compare measurements directly only where all affecting conditions are known precisely. This, of course, is not the case for a real passive seismic survey in an area with complex reservoir geology. Therefore, the interpretation of all attribute maps ͑Figures 4, 6, and 7͒ must be undertaken with caution. Figure 8. Polarization attribute sketch demonstrating variability in the rectilinearity. In this schematic, the solid blue line illustrates a 3D hologram of particle velocity. ͑a͒ High rectilinearity and medium dip. ͑b͒ Low rectilinearity and relatively high dip. The length of the red arrow is given by the largest eigenvalue 1 , referred to as the strength of the signal. Figure 9 . Time variations of the four polarization attributes for zerophase band-pass-filtered data ͑1-3.7 Hz͒ from station 70139 ͑high hydrocarbon potential͒. Time intervals of 40 s are analyzed. The horizontal solid line represents the value using data of the whole time period. A dip of ‫ס‬ 90°indicates vertical particle oscillation and an azimuth of ‫ס‬ 0°indicates north-south particle oscillation. Dip, azimuth, rectilinearity, and largest eigenvalue are illustrated in Figure 8 . 
O34 Saenger et al.
As for all exploration methods, additional subsurface information ͑e.g., reflection seismic, well logs, or electromagnetic methods͒ is helpful. A complete and quantitative interpretation for the hydrocarbon-potential estimate must consider local and surveywide behavior of the detected spectral anomaly. Therefore, we first discuss some guidelines of interest for this and other surveys.
Similar noise and source strength conditions
An ideal survey would consist of synchronous measurements for all grid locations over a very long time interval ͑longer than one week͒. For practical reasons, this is not always possible. In our survey, only daytime measurements with a maximum of 16 sensors were performed ͑except for reference stations͒. Several remeasurements for different days at exactly the same location with very similar results justify this procedure ͑e.g., variability was ϳ20% for the PSD-IZ value͒. This is in line with the observation that the energy in the frequency band between 0.07 and 0.5 Hz ͑oceanic microseism͒ is relatively constant ͑Figure 11͒.
However, we expect better results for hydrocarbon reservoir detection if the data set also contains nighttime measurements for each station ͑Lambert et al., 2008͒. The anthropogenic noise level, which may influence our analysis, is lower during the night ͑Bard, 1999͒. Typical variations of the seismic background wavefield are illustrated for this survey in Figure 11 . The observed variations indicate that, in general, it is not useful to mix day and night data in one hydrocarbon reservoir-related attribute map. However, an acquisition footprint caused by significant changes in the seismic background wavefield cannot be observed for this survey.
Influence of subsurface heterogeneities
As shown in Figure 1 , the reservoir geology of this survey area is a complex horst-and-graben system. An additional perpendicular fault system compartmentalizes the reservoir formation in even smaller blocks. In contrast, the layers above this formation are relatively homogeneous. An analysis not shown here indicates weak H/V peaks above 10 Hz in some areas of the considered survey. These may be induced by soft-soil layers. However, we conclude that this effect is not able to significantly influence our V/H-signal analysis below 6 Hz. Moreover, the topography in the investigated area is relatively flat. Therefore, the known effect that seismic energy can accumulate in topographic heights ͑Hestholm et al., 2006; van Mastrigt and Al-Dulaijan, 2008͒ cannot be observed for this survey.
In general, complex underground features must influence the passive seismic wavefield measured at the surface ͑Bard, 1999͒. For example, body waves can be converted to surface waves at steps and slots ͑Saffari and Bond, 1987͒. The identification of independent microtremor attributes in this paper increases the confidence level in our ability to detect hydrocarbon reservoirs. The quality of interpretation can be increased further by applying other passive seismic methods on similar acquired data sets. For example, passive seismic imaging ͑Artman, 2006͒ or velocity inversion from 3-C array measurements ͑Fäh et al., 2008͒ can be used to determine subsurface heterogeneities. With the help of forward-modeling studies, one can study their particular influence on hydrocarbon reservoir-related attributes.
Correlation of attributes with producing reservoir area
The hydrocarbon distribution in zones 1 and 2 is not easy to determine precisely for several reasons. The reservoir has multistack pay zones and major unconformities that contribute to relatively large thickness variations. The low formation permeability also requires fracture stimulation to exploit the field. The radius of the drained area around a producing well can therefore be roughly estimated and used to map the approximate location of the reservoir ͑Figures 1 and 12͒. In addition, the production history is quite different, with some wells drilled recently and others producing for the past 25 years. The hydrocarbon-related PSD-IZ energy anomaly shown in Figure 4 is increasing toward station 70139 in zone 2. This coincides with the production history. For nonstacked reservoirs, it is reported that the strength of the energy anomaly is proportional to the pay thickness ͑Dangel et al. cannot be confirmed for the survey discussed in this paper because multistack pay zones are present. Given these aspects, we note that all microtremor attribute maps ͑PSD-IZ in Figure 4 , V/H signal in Figure 6 , and peak frequency shift in Figure 7͒ show consistent patterns above zone 2. One of the strongest microtremor anomalies ͑represented by measurement station 70139 and considering all attributes͒ is observed above the area known, from production, to be hydrocarbon bearing. Therefore, our multiattribute analysis shows that hydrocarbon reservoir-related microtremors are correlated spatially with this tight gas reservoir in the Burgos basin in Mexico.
In Figure 12 , we show a direct comparison of the PSD-IZ values and the estimated drainage radii of the producing wells. Production noise sources ͑e.g., tube waves or pumps͒ are an unlikely explanation for the observed pattern at the surface, which is marked with a black ellipsoid in Figures 4, 6 , and 7. However, some ambiguity remains because a producing reservoir is not strictly a seismically quiet area ͑e.g., production facilities͒.
Hydrocarbon attributes versus wells drilled after the survey
In the exploration zone of this survey, there is one big PSD-IZ energy anomaly pattern in zone 4, marked with a dashed circle in Figure 4 . We interpret the V/H signal and the relatively high frequency of the maximum peak in Figures 6 and 7 , respectively, as positive indicators for the presence of hydrocarbons. It was a success for the survey that two wells drilled in this area after data acquisition indicated gas-bearing sediments ͑see Figure 12͒ . Note that the low production rate of these wells may be caused by the low permeability of the reservoir rock. The observed anomaly cannot be induced by production activity because the mentioned wells were drilled after the survey and there was no production or other significant human activity in the vicinity ͑at least within the area marked with a dashed circle͒. Also, two producing wells drilled after the survey in the production zone 2 are located where we have observed a relatively high PSD-IZ value ͑Figure 12͒.
PRELIMINARY MODEL OF HYDROCARBON RESERVOIR-RELATED MICROTREMORS
Graf et al. ͑2007͒ discuss possible mechanisms of microtremors generated or modified by hydrocarbon reservoirs. Because this is an ongoing research field, we expect a continuous refinement of our rock-physics model. The model proposed here is based on well-documented observations and well-known rock-physics wave-propagation theories. Although other mechanisms could contribute to the low-frequency observations, we assume that the rock-physical effects discussed below contribute to the observed signal characteristics.
Steiner et al. ͑2008͒ report an important observation regarding the theoretical understanding of this phenomenon. They show that the low-frequency anomaly may originate from the hydrocarbon reservoir itself. In contrast to interferometry, this time-reverse algorithm images the locus of an energy source rather than imaging reflectors. That result connects the frequency-domain anomaly at the surface to the reservoir at depth ͑Lambert et al., 2008͒.
We split our consideration into three parts: sources, mechanism, and observations. First, we look at possible sources. Because we do not use any active source, we must consider the seismic background wavefield. Second, we review possible rock-physics mechanisms within a hydrocarbon deposit that are able to modify the spectra in the low-frequency range above it. Third, we compare spectral attributes identified above to the theoretical description of the source and mechanism questions.
Seismic background spectrum
Peterson ͑1993͒ and Berger et al. ͑2004͒ consider in detail the strength of ambient earth noise. They develop a low-noise model, which predicts the worldwide minimum energy for seismic background noise for a large-frequency band. This spectrum has two important features with respect to microtremors. First, there is a relatively quiet interval from 1 to 6 Hz ͑i.e., a minimum͒. This is the frequency window where hydrocarbon reservoir-related microtremors have been observed. Related physical effects may be present in other frequency bands but may be much more difficult to discriminate.
Second, there is a dominant peak around 0.14 Hz ͑Friedrich et al., 1998͒. The origin of this peak is ocean waves interacting with the coast structure. This produces the so-called ocean-wave peak, which Figure 12 . PSD-IZ attribute versus reservoir location information. ͑a͒ Drainage radii of producing wells, reservoir fault system and PSD-IZ values for each station. ͑b͒ Interpolated PSD-IZ values using a standard kriging algorithm and status of wells drilled after our survey.
can be observed at all locations around the world. The corresponding surface waves propagate through entire continents and can, for example, be used to determine seismic velocities down to a depth of 20 km ͑e.g., Shapiro et al., 2005͒ . Interestingly, Rayleigh waves with frequencies around 0.14 Hz oscillate at reservoir depth ͑deeper than 500 m͒ mainly in a vertical direction. This is illustrated in Figure 13 . This preferred particle oscillation direction is also observed for the microtremors above a reservoir, which show V/H values above 1 and a strong vertical polarization. Some more detailed lowfrequency borehole measurements of ambient noise are reviewed in Bonnefoy-Claudet et al. ͑2006͒. Note that hydrocarbon reservoirs are always perturbed by the seismic background waves.
Rock-physics low-frequency mechanism
Theoretically, it is very hard to explain specific low-frequency effects of a hydrocarbon reservoir with elastic properties only. We therefore consider poroelastic effects, which can cause high attenuation within the reservoir only and consequently increase the complex impedance contrast between the reservoir and the surrounding rocks. In that case, the reservoir acts as a scatterer, and we refer to the related effects as resonant scattering. We also consider microscale fluid oscillations caused by the surface tension between two pore fluids and refer to such oscillation effects as resonant amplification.
The mechanisms causing resonant scattering and resonant amplification can occur only in multiphase or partially saturated rocks. We assume that the hydrocarbon reservoir is partially saturated ͑e.g., with gas and water͒ and the surrounding rocks are fully saturated with water. The low-frequency resonant scattering and amplification effects therefore occur only within the reservoir and may modify the background seismic wavefield in a characteristic way. These characteristic modifications can be observed in the spectral attributes above hydrocarbon reservoirs.Another possibility would be a higher intensity of low-frequency fracture and/or fluid-migration processes within the reservoir compared to outside the reservoir. Further possible nonlinear mechanisms are discussed in Zhukov et al. ͑2007͒.
Resonant scattering
Seismic low-frequency effects of hydrocarbon reservoirs have been known for many years ͑Castagna et al. 2003; Chapman et al. 2006; Goloshubin et al., 2006; and references therein͒. Chapman et al. ͑2006͒ state, " Abnormally high reservoir attenuation is the observed ground truth." A high seismic attenuation of reservoirs in the frequency range between 1 and 6 Hz may be caused by wave-induced flow in partially saturated rocks ͑see Mavko et al. ͓1998͔ and references therein͒. Following this argument, the reservoir itself acts as a strong scatterer of seismic waves because of high complex impedance in contrast to the surrounding rocks, which have small or no attenuation ͑Quintal et al., 2009͒.
Therefore, a reservoir may become visible at the surface by typical scattering phenomena such as single scattered body waves or standing waves. However, standing shear waves would not generate V/H values above one, and the dominant frequency of the microtremor will be depth dependent and relatively low. These effects cannot be observed at the gas field analyzed in this paper.
Resonant amplification
Oil bubbles can oscillate in pore spaces ͑Hilpert et al., 2000; Beresnev, 2006; Holzner et al., 2009͒ . The main restoring force of the bubbles driving these oscillations is the surface tension between the oil and water. Theoretically, all systems with a wetting and a nonwetting fluid exhibit a typical resonance frequency. Therefore, this resonant amplification effect also can be present for reservoirs with partial gas saturation. The resonance frequencies can be in the 1-6-Hz frequency band ͑Holzner et al., Holzner et al., 2009͒. Seismic background waves reaching the reservoir can induce a resonant amplification of those frequencies. Frehner et al. ͑2009͒ show that those oscillations at the pore scale can be visible in the seismic spectra, measured at the surface above a reservoir. This has three important consequences:
1͒ These systems will emit energy after excitation ͑i.e., there is no perfect time correlation with the triggering source͒. This is consistent with considerations using an active seismic vibrator source ͑Kouznetsov et al. 
Preliminary rock-physics model
We summarize our theoretical review in a preliminary interpretive model about the origin of hydrocarbon reservoir-related tremors. Although it may be necessary to modify this model, it is consistent with our theoretical investigations and experimental observations ͑i.e., the identified seismic attributes͒ of the survey discussed in this paper. Figure 13 . Amplitude versus depth for a Rayleigh wave of 0.14 Hz propagating through a homogeneous half-space. P-and S-wave velocities are set to 3000 and 1730 m/s, respectively. The analytical solution is adapted from Pujol ͑2003͒. Figure 14 illustrates and summarizes the main points. Ocean waves generate low-frequency, high-amplitude Rayleigh waves around 0.14 Hz, which are observable worldwide ͑Friedrich et al., 1998͒. The strength of those waves varies in time; therefore, they also contain energy around 3 Hz. As discussed, they oscillate at reservoir depth mainly in the vertical direction. So we also expect this preferred direction for a resonant amplification effect of hydrocarbons in the pore space. Whether and the degree to which nonlinear effects are important in this process is part of ongoing research. The resulting radiation pattern of this secondary source will emit mainly P-waves in vertical and S-waves in horizontal directions. Additionally, any kind of body waves hitting the reservoir also contribute to the excitation of resonance effects. This is consistent with the identified microtremor attributes above the gas reservoir of this survey and with the observation that the reservoir itself may act as a secondary source ͑Steiner et al., 2008͒.
We observe a strong energy anomaly between 1 and 6 Hz in all components above hydrocarbons. This is illustrated for the vertical component of station 70139 in Figure 3 . A peak above one in the spectral V/H ratio ͑Figure 5͒ is also an expected characteristic for P-waves originating from the reservoir. The seismic attributes of the polarization analysis above hydrocarbons -a constant high dip of the particle velocity, a relatively high rectilinearity, a strongly varying azimuth, and a nonvanishing largest eigenvalue ͑Figure 9͒ -also agree with the model in Figure 14 .
CONCLUSIONS
We have described a passive low-frequency microtremor survey over a gas field in Mexico with a complex subsurface geology. In the proven hydrocarbon-bearing area, we observed an energy anomaly in the frequency range from approximately 1-6 Hz. To characterize this anomaly in more detail, we extract several reservoir-related attributes: PSD-IZ, V/H signal, polarization, and maximum peak frequency. These attributes exhibit anomalous values above the known gas accumulations. We use this knowledge in an unexploited area of the survey to estimate the hydrocarbon potential. In the center of a detected anomaly in this region, at least two wells indicating hydrocarbons were drilled after the data were recorded and analyzed. This supports the theory that low-frequency anomalies are related to the presence of hydrocarbon reservoirs and can be used as complementary information to structural imaging methods to reduce drilling risk and assist well positioning.
Additionally, we propose a preliminary rock-physics model to explain the origin of hydrocarbon reservoir-related tremors. Poroelastic effects caused by wave-induced fluid flow and oscillations of different fluid phases are considerable effects in the low-frequency range, which can modify the omnipresent seismic background spectrum. Both can contribute independently to the specific signal characteristic, and both are based on the assumption that the reservoir is a partially saturated multiphase system. The surrounding rocks of the reservoirs are only saturated with one single fluid where those effects are not present. Our observed microtremor attributes above reservoirs are consistent with the preliminary model.
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APPENDIX A CALCULATING V/H SPECTRA
Calculating the V/H spectra consists of several steps, including time-signal windowing, Fourier transformation, and spectra smoothing. Ocean-wave-generated Figure 14 . A preliminary model that explains the origin of hydrocarbon-indicating tremors and that is consistent with the spectral attributes ͑i.e., PSD-IZ and V/H signal͒ described in this paper. One important observation is that the vertical polarization of the ocean-wave-generated Rayleigh waves at reservoir depth is also present in the low-frequency ͑LF͒ hydrocarbon reservoir-related microtremor signal.
